Objective: This study aimed to compare the frictional force (FR) in self-ligating brackets among different bracket-archwire angles, bracket materials, and archwire types. Methods: Passive and active metal self-ligating brackets and active ceramic self-ligating brackets were included as experimental groups, while conventional twin metal brackets served as a control group. All brackets were maxillary premolar brackets with 0.022 inch [in] slots and a −7 o torque. The orthodontic wires used included 0.018 round and 0.019 × 0.025 in rectangular stainless steel wires. The FR was measured at 0 o , 5 o , and 10 o angulations as the wire was drawn through the bracket slots after attaching brackets from each group to the universal testing machine. Static and kinetic FRs were also measured. Results: The passive selfligating brackets generated a lower FR than all the other brackets. Static and kinetic FRs generally increased with an increase in the bracket-archwire angulation, and the rectangular wire caused significantly higher static and kinetic FRs than the round wire (p < 0.001). The metal passive self-ligating brackets exhibited the lowest static FR at the 0 o angulation and a lower increase in static and kinetic FRs with an increase in bracket-archwire angulation than the other brackets, while the conventional twin brackets showed a greater increase than all three experimental brackets. Conclusions: The passive self-ligating brackets showed the lowest FR in this study. Self-ligating brackets can generate varying FRs in vitro according to the wire size, sur face characteristics, and bracket-archwire angulation. 
INTRODUCTION
Tooth movement during orthodontic treatment is accomplished by the delivery of orthodontic forces through brackets. A frictional force (FR), defined as the resistant force against movement when two contacting objects are moving, is generated between the brackets and archwires during this process. FR can be divided into static and kinetic FRs. The former is the minimum amount of force required for the initial movement of a static object, while the latter is the force required to maintain the movement of two objects at a certain velocity.
Stoner 1 reported that FRs generated during tooth movement considerably decrease orthodontic forces. Therefore, an orthodontic force that dissipates as FR should be considered during clinical treatment. 2 Although high FRs can offset the force delivered to the teeth during orthodontic treatment and cause anchor loss and debonding of brackets, appropriate control of FRs can improve the treatment effects and decrease the treatment duration. The material constituting the brackets and archwires, surface conditions of arch wires, size of bracket slots, cross-section and torque of archwires, ligation method, interbracket distance, and salivary and intraoral conditions are factors that can affect FR. [3] [4] [5] [6] [7] According to previous studies on the effects of brackets and archwires on FR, teeth move through repeated movements that cause them to tilt and become upright. 8 Peterson et al. 9 adjusted the angulation between the bracket and archwire to 0 o −10 o to evaluate FRs. Meanwhile, Thorstenson and Kusy 10 and Kusy and Whitley 11 studied the critical slope angles at which FRs tended to increase. After examining various combinations of archwires and brackets, they found the critical slope angle to be approximately 3.7 o , and FRs increased sharply at angles larger than 3.7 o . Furthermore, the increase in FRs with an increase in the critical slope angle is affected by the physical properties of the materials of the appliances. 11 The type of orthodontic wire can reportedly affect the increase in FR as well as the rate of increase, with nitinol and beta-titanium arch wires showing a higher FR than stainless steel (SS) archwires. Furthermore, there are reports that FRs increase with an increase in the thickness of orthodontic wires and are higher with rectangular wires than with round wires. 7 Cacciafesta et al. 12 reported that metal brackets exhibited a lower FR than ceramic or resin brackets after examining differences in FRs according to bracket materials. Ceramic brackets exhibit higher FRs than metal brackets, which have softer surfaces that are easily polished with archwire binding. FRs also highly depend on ligation method, among other factors. Generally, ar chwires are inserted into brackets and held with elastic rings or ligature wires, but self-ligating brackets have special hinge caps, eliminating the need for ligature wires. Self-ligating brackets reportedly facilitate effective tooth movement while shortening the total treatment duration because of decreased FRs. 13 A decrease in FRs as a result of different ligation methods can decrease the treatment duration, thus providing an advantage du ring the treatment of orthodontic extraction cases. Fur thermore, the surfaces of selfligating brackets are ge nerally smooth; therefore, they provide more comfort and allow better oral hygiene control to the patient.
14 Pre vious studies on the FRs of metal self-ligating brack ets have reported varying results, possibly because of different experimental conditions and limitations in mechanical reproduction. 15 However, there are few com parative studies including ceramic selfligating brackets. Therefore, in this study, the authors evaluated and com pared FRs among different bracketarchwire angles and different bracket materials.
MATERIALS AND METHODS
Four types of brackets were used in this experiment. The experimental groups included passive metal selfligating brackets (Damon3 MX; Ormco, Orange, CA, USA), active metal self-ligating brackets (Quick; Forestadent, Pforzheim, Germany), and active ceramic selfligating brackets (Clippy-C; Tomy, Tokyo, Japan). In the control group, conventional twin metal brackets (Microarch; Tomy) were used. All brackets were maxillary premolar brackets with 0.022 inch (in) slots and a −7 o torque.
In order to measure the FR, 0.018 round and 0.019 × Figure 1 . Bracket-archwire assembly used in this study.
0.025 rectangular SS archwires were used. Ten identical brackets from each group were used for measurements, and a total of 240 brackets were used according to the combinations of archwires and angles. Brackets from each group were attached to 10 customized steel blocks (10 × 10 × 20 mm). Metal primer (Reliance Orthodontic Products, Itasca, IL, USA) was applied after microetching, and 1 min later, Transbond XT primer® (3M Unitek, Monrovia, CA, USA) was applied and light cured for 30 s. Vertical and horizontal lines crossing through the center of the blocks were drawn for use as guides during bracket positioning. The steel blocks with the attached brackets were inserted into larger rectangular blocks and fixed in place with screws such that angles of 0 Measurements were obtained using a load cell of 500 N to draw 10 mm of wire at a crosshead speed of 10 mm/ min using the universal testing machine. The maximum point on the weight-displacement curve that resulted from the measurement of the maximum FR was noted as the static FR. The kinetic FR was calculated as the mean value of 10 measurements obtained at 1-s intervals. Decay of the elastic ligatures was minimized. For each measurement, archwires and brackets were replaced with new ones to rule out possible wear effects or errors from repeated use. To assess the shape of the brackets, scanning electron microscopy (SEM, Hitachi-800; Hitachi, Tokyo, Japan) was used for comparison. Each bracket was measured in the 20 kV/s electron mode.
Statistical analysis
The SAS program (SAS Inc., Cary, NC, USA) was used for all statistical analyses. Standard deviations were calculated using the mean values for static and kinetic FRs measured in each group, and 3-way analysis of variance (ANOVA) was used to analyze the interaction effects between type of archwires, type of brackets, and bracket-archwire angles. For multiple comparisons, the Student-Newman-Keuls method was used, with a significance level of 0.05. Tables 1 and 2 present the static and kinetic FRs for the four types of brackets according to bracket type, bracket-archwire angulation, and wire type. The results of three-factor ANOVA indicates that these factors had significant effects on both static and kinetic FRs. The interaction effect between bracket type and bracketarchwire angulation, between bracket type and wire type, and between bracket-archwire angulation and wire type were statistically significantly for both static and kinetic FRs (p < 0.001). The three-way interaction among bracket type, wire type, and bracket-archwire angulation was also statistically significant (p < 0.001). (Table 1) Static FRs were generally increased with an increase in bracket-archwire angulation. The static FR was significantly higher with the rectangular wire than with the round wire (p < 0.001). The Damon3 MX brackets exhibited the lowest static FR at the 0 o bracket-archwire angulation and a lower increase in static FR with an increase in bracket-archwire angulation than the other brackets.
RESULTS

Comparison of static FRs
Comparison of kinetic frictional forces (Table 2)
Kinetic FRs also increased with an increase in bracket-archwire angulation and were higher with the rectangular wire than with the round wire (p < 0.001). Again, the Damon3 MX brackets exhibited the lowest kinetic FR, while the Micro-arch brackets exhibited the highest kinetic FR at the 0 o bracket-archwire angulation. The increase in kinetic FR with an increase in the bracket-archwire angulation was higher with the Microarch bracket than with the experimental brackets.
Scanning electron microscopy analysis
Comparative observations of the shape and surface properties of the brackets were made using SEM ( Figure  2 ). The overall shape of each bracket was observed under a 20× magnification, while the part of the slot where the archwire was bound was observed under a 200× magnification. The slot of the bracket was further magnified to 2,000×. The Damon3 MX brackets showed a soft area at the point of binding. The Quick brackets also revealed a relatively soft surface, but its active clip appeared somewhat rougher than that of the passive brackets. The Clippy-C brackets, while having well-polished surfaces and softer rounded angles in the slot, showed more porous surfaces than the other self-ligating brackets under the 2,000× magnification. The slot surfaces of the conventional metal brackets appeared somewhat rougher than those of the metal self-ligating brackets.
DISCUSSION
Forces from orthodontic wires are delivered to the teeth through bracket slots. This process often results in FRs between the orthodontic wires and bracket slots. It is important to obtain optimal forces during tooth movement, and an understanding of how FRs work in brackets is required. Kusy and Whitley 11 reported that the loss of orthodontic force through FR generation ranges from 12% to 60% and that anchorage loss can result in orthodontic extraction cases. For satisfactory tooth movement, it is important to understand the magnitude of FRs developing between brackets and orthodontic wires. According to Cacciafesta et al. 16 , variables that can affect the FR include orthodontic wires, brackets, ligation method, and orthodontic appliances, among others. Orthodontic wires vary in size, shape, and material, but overall, SS wires cause the least FR. Thicker wires and rectangular wires tend to generate higher FRs. 7 In this experiment, only SS wires were used, and similar to the findings of Garner et al. 17 , FRs were higher with rectangular wire than with round wire in all experimental groups. The rate of increase in FRs with an increase in the bracket-archwire angle was higher with the rectangular wire than with the round wire. With regard to FR according to bracket type, the passive metal self-ligating brackets exhibited lower FRs than the active ceramic self-ligating brackets. With rectangular wires, the active ceramic self-ligating brackets exhibited a slightly lower FR than the active metal self-ligating brackets. Kusy and Whitley 11 compared the FRs of vari ous types of metal self-ligating brackets and conventional metal brackets by altering the angle between the brackets and orthodontic wires, and they reported that the passive self-ligating brackets exhibited a low FR and that the active self-ligating brackets showed varying degrees of FR. Ceramic brackets exhibit a higher FR than metal brackets because orthodontic wires bind more easily with ceramic brackets, which have rough sur faces as opposed to metal brackets, which have rela tively polished and softer surfaces. Although ceramic brackets are esthetically pleasing, higher FRs inside the bracket slots than those in metal brackets are considered a disadvantage. 18 The reason why the ceramic self-ligating brackets used in this study may have shown lower FRs than the metal brackets could be polishing of the slot.
With regard to FRs according to the bracket-archwire angle, the rate of increase in FR was greater when the angle increased from 5 o to 10 o than when the angle increased from 0 o to 5 o . Furthermore, the rate of increase was greater with rectangular wires than with round wires. Pizzoni et al. 15 reported that selfligating brackets had low sliding forces at 0 o and 3 o , which increased proportionally with an increase in the angle to 6 o , 9 o , and 12 o . This could be because the sliding movement of teeth can be disturbed by vertical forces produced at both ends of the bracket slot as the bracket-archwire angulation increases and causes binding. Frank and Nicolai 19 reported that the effects of vertical forces decreased while the effects of archwire stiffness increased with an increase in the bracket-archwire angulation. With regard to the effects of the ligation method, the passive self-ligating brackets exhibited significantly lower FRs at all angles, while the conventional metal brackets that used elastic O-rings exhibited the highest FR. With regard to active selfligating brackets, the FR was similar in the ceramic and metal brackets when a round archwire was used, while it was lower in the ceramic brackets when a rectangular archwire was used. In general, according to reports by previous researchers, self-ligating brackets are reportedly more effective in decreasing the FR than conventional brackets that use elastic or metal ligatures. 20, 21 Thorstenson and Kusy 22 reported that passive selfligating brackets exhibited a lower FR during sliding because the critical contact angle was large. The FR of self-ligating brackets in all groups increased more gradually than that of the conventional brackets as the bracket-archwire angle increased. The reason for the slightly higher FR in ceramic self-ligating brackets is that at the initial angle, ceramic causes more binding with orthodontic wires in the slot than metal.
Damon3 MX brackets are passive and showed low FRs at all bracket-archwire angles, with a gradual rate of increase in FR. Overall, under high magnification of an electron microscope, the corners of the bracket slots showed smooth surfaces (Figure 2A−2C) . The Quick bracket, an active self-ligating bracket, showed wellpolished surfaces overall ( Figure 2D−2F) . The ceramic self-ligating brackets also showed well-polished corners of the slot under high magnification as well as partially exposed crystalline particles and soft surfaces due to silica coating ( Figure 2G−2I) . The conventional metal brackets exhibited a higher overall FR; furthermore, under SEM, their slots had rougher surfaces than those of self-ligating brackets. These rougher surfaces may be correlated with the higher FRs exhibited by the conventional metal brackets (Figure 2J−2L) . With an increase in the bracket-archwire angle, the ceramic selfligating brackets exhibited lower FRs than the active metal self-ligating brackets. The ceramic self-ligating bracket clip is advantageous during sliding because it is more flexible than the active metal self-ligating bracket clip and because the contact angle is smaller because of the larger width of the ceramic bracket.
The width of the bracket also affects the contact angle formed between the bracket and orthodontic wire. The limit value where the passive configuration of the bracket and archwire becomes the active configuration is termed the critical contact angle. With an increase in bracket width, the critical contact angle decreases. Moreover, the width of the bracket can affect the moment that is delivered to the tooth; therefore, as the width of the bracket increases, a lower force is required to produce a moment and the contact angle decreases in space closure.
In this experiment, the four bracket types showed different widths. The Clippy-C brackets exhibited the largest width of approximately 0.132 in, while the Quick, Micro-arch, and Damon3 MX brackets exhibited widths of approximately 0.10−0.11 in. The Damon3 MX brackets exhibited the least width and a low FR in terms of critical contact angle. From this perspective, the Clippy-C brackets should exhibit a high FR, but it showed an FR similar to that exhibited by the Quick brackets from 5 o to 10 o bracket-archwire angulations. Considering that both brackets were active self-ligation systems, surface treatment and a round design in the slot angle area of the Clippy-C brackets also helped in decreasing the FR. Therefore, bracket design can also affect the FR.
The development of various types of self-ligating brackets is in progress to improve their physical and esthetic properties. Further studies on the esthetic advantages of and decreased FRs in self-ligating brackets during long-term orthodontic treatment are required. Furthermore, experiments using various angles and various types of orthodontic wires using artificial saliva are considered necessary.
CONCLUSION
In this study, compared to the active metal and ceramic self-ligating brackets, the passive metal self-ligating brackets showed the lowest static and kinetic FRs. However, the active ceramic self-ligating brackets showed a lower FR than the active metal self-ligating and conventional metal brackets. The findings of SEM analysis in our study suggest that self-ligating brackets can generate varying FRs in vitro according to the wire size, surface characteristics, and bracket-archwire angulation.
